Retinal degenerative diseases are major causes of untreatable blindness, and novel approaches to treatment are being sought actively. Here we explored the activation of a unique protein, sigma 1 receptor (Sig1R), in the treatment of PRC loss because of its multifaceted role in cellular survival. We used Pde6β rd10 (rd10) mice, which harbor a mutation in the rod-specific phosphodiesterase gene Pde6β and lose rod and cone photoreceptor cells (PRC) within the first 6 wk of life, as a model for severe retinal degeneration. Systemic administration of the high-affinity Sig1R ligand (+)-pentazocine [(+)-PTZ] to rd10 mice over several weeks led to the rescue of cone function as indicated by electroretinographic recordings using natural noise stimuli and preservation of cone cells upon spectral domain optical coherence tomography and retinal histological examination. The protective effect appears to result from the activation of Sig1R, because rd10/Sig1R 
Retinal degenerative diseases are major causes of untreatable blindness, and novel approaches to treatment are being sought actively. Here we explored the activation of a unique protein, sigma 1 receptor (Sig1R), in the treatment of PRC loss because of its multifaceted role in cellular survival. We used Pde6β rd10 (rd10) mice, which harbor a mutation in the rod-specific phosphodiesterase gene Pde6β and lose rod and cone photoreceptor cells (PRC) within the first 6 wk of life, as a model for severe retinal degeneration. Systemic administration of the high-affinity Sig1R ligand (+)-pentazocine [(+)-PTZ] to rd10 mice over several weeks led to the rescue of cone function as indicated by electroretinographic recordings using natural noise stimuli and preservation of cone cells upon spectral domain optical coherence tomography and retinal histological examination. The protective effect appears to result from the activation of Sig1R, because rd10/Sig1R −/− mice administered (+)-PTZ exhibited no cone preservation. (+)-PTZ treatment was associated with several beneficial cellular phenomena including attenuated reactive gliosis, reduced microglial activation, and decreased oxidative stress in mutant retinas. To our knowledge, this is the first report that activation of Sig1R attenuates inherited PRC loss. The findings may have far-reaching therapeutic implications for retinal neurodegenerative diseases.
photoreceptor | rd10 mouse | retinal neuroprotection | oxidative stress | (+)-pentazocine T he major cause of untreatable blindness worldwide is retinal degenerative disease. The retinal cells most affected are photoreceptor cells (PRC) and ganglion cells (RGC) (1) . PRCs degenerate in retinitis pigmentosa (RP), macular degeneration, and cone-rod dystrophies; RGCs die in glaucoma, optic neuropathies, and diabetic retinopathy. There is great heterogeneity underlying retinal degenerative diseases. Thousands of mutations in >200 genes have been identified that lead to blindness in humans (2) . In developing therapeutic strategies to treat blindness, it may not be practical to target each genetic defect; however targeting common disease mechanisms holds promise for the development of realistic treatment for patients suffering from retinal disease. Pathogenic features common to retinal diseases, i.e., oxidative damage, endoplasmic reticulum (ER) stress, inflammation, and apoptosis (3) (4) (5) , are implicated in neurodegenerative diseases.
Sigma 1 receptor (Sig-1R), a promising target for the treatment of neurodegenerative disease because of its multifaceted roles in cellular survival (6) (7) (8) , is a unique membrane protein with no homology to other mammalian proteins (9, 10) . N,N-dimethyltryptamine is the only endogenous Sig1R ligand identified (11) . Sig1R is bound to ceramide-enriched microdomains in complex with the binding protein/glucose regulated protein 78 (GRP78/BiP) protein and functions as an ER chaperone involved in Ca 2+ mobilization (12) . It regulates neuronal nitric oxide synthase, prevents apoptotic neuronal cell death (13, 14) , and modulates the activity of pleiotropic transcription factors including NFκB (15, 16) , properties relevant to retinal disease. In vitro and in vivo studies demonstrate powerful neuroprotective effects of Sig1R ligands against RGC death (17) (18) (19) (20) (21) . (+)-Pentazocine [(+)-PTZ], a synthetic, nonnarcotic benzomorphan with very high affinity for Sig1R (K d : 5.13 nM; B max : 1,146 fmol/mg protein), is used clinically to alleviate pain (22) . Ligands for Sig1R modulate ER stress and Ca 2+ levels in RGCs and retinal Müller glial cells (23) (24) (25) (26) . Mice lacking Sig1R (Sig1R −/− ) have late-onset retinal degeneration characterized by RGC loss (27) that is worsened by stress such as optic nerve crush or diabetes (28) (29) (30) . Retinal Müller glial cells isolated from Sig1R
−/− mice demonstrate elevated endogenous reactive oxygen species (ROS) accompanied by altered antioxidant gene expression (31) .
Sig1R ligands suppress ROS production in multiple cell types (23, (32) (33) (34) and inhibit inflammatory cytokine release (16, 35) . Oxidative stress increases in models of PRC degeneration (36) , and antioxidant treatment delays PRC death (4) . Oxidative stress leads to increased levels of the transcription factor nuclear factor erythroid-derived 2-like 2 (NRF2), which translocates to the nucleus to up-regulate the expression of detoxifying and antioxidant genes (37, 38) . Compelling data from Cepko's laboratory (39) showed that subretinal delivery of Nrf2 using adeno-associated viral vectors in neonatal mice promoted the survival of PRC in retinal degeneration models.
Whether activation of Sig1R can attenuate inherited PRC loss and preserve retinal function is unknown. Here we asked whether (+)-PTZ would afford protection against PRC degeneration using mice homozygous for retinal degeneration 10 (hereafter rd10 mice) in which a mutation of phosphodiesterase 6 β (Pde6β) reduces phosphodiesterase enzymatic function, leading to increased
Significance
The role of sigma 1 receptor (Sig1R) in rescuing cone photoreceptor function was investigated in Pde6β rd10 (rd10) mice, a model of severe retinal degeneration. Sig1R, a putative molecular chaperone, is implicated in several human neurodegenerative diseases. We administered (+)-pentazocine, a high-affinity Sig1R ligand, to rd10 mice, which lose rod and subsequently cone photoreceptor cells (PRC) within the first few weeks of life, rendering them completely blind. Regular administration of (+)-pentazocine rescued cone PRC responses, which were markedly preserved and were similar to those in wild-type mice. To our knowledge, this is the first demonstration of significant preservation of retinal function as a consequence of Sig1R activation. The data are highly relevant to potential therapeutic interventions in human retinal disease.
cGMP. Rod PRC death peaks at postnatal day (P) 25; only residual vision remains after P30; cone function is barely detectable by P35 (40, 41) . We show that regular administration of (+)-PTZ improves cone function dramatically and appears to protect against cone PRC death by modulating oxidative damage and glial activation. To our knowledge, these findings represent the first targeting of this molecular chaperone as a therapeutic strategy for inherited PRC dystrophy.
Results
Sig1R Activation Rescues Cone Function in rd10 Mice. rd10 mice administered (+)-PTZ on alternate days beginning at P14 (hereafter rd10+PTZ mice) were subjected to comprehensive electroretinogram (ERG) analysis at P35 to assess rod and cone function. Responses were compared with age-matched untreated rd10 (hereafter, rd10-non) and WT mice. Profound effects of (+)-PTZ treatment were observed in cone PRC function. WT mice had robust cone (Fig. 1A) and rod (Fig. S1A ) responses, regardless of the intensity of the light stimulus (contrast). In rd10-non mice only weak cone responses were detected and then only to the brightest stimuli (Fig. 1B) . In contrast, rd10+PTZ mice had significantly improved photopic responses as compared with rd10-non mice (Fig. 1C) . The photopic b-wave amplitude in rd10+PTZ mice, which improved significantly compared with that in rd10-non mice, was approximately half the amplitude in WT mice (Fig. 1D ). Results are illustrated in Fig. 1E , where averaged responses from the highest contrast are superimposed. An even stronger rescue of cone function in rd10+PTZ mice was observed by testing animals with a stimulus that changed more slowly in time (Fig. 1F ). This natural stimulus produced responses in rd10+PTZ mice similar in strength to those in WT mice, although with slightly different timing. These impressive results suggest that cone function, especially for natural stimuli, is preserved by regular administration of (+)-PTZ, underscoring the potential of Sig1R activation as a therapeutic target in retinal disease. Scotopic ERGs showed robust a-wave responses in WT mice ( Fig. S1A ) that were nearly undetectable in rd10-non and rd10+PTZ mice ( Fig. S1 A and B) ; there was slight, albeit significant, improvement in rod b-wave amplitude in rd10+PTZ mice as compared with nontreated mutants (Fig. S1C ).
Sig1R Activation Preserves Retinal Thickness and Diminishes Retinal
Detachment in rd10 Mice. We monitored the effects of Sig1R activation on rd10 retinal structure in vivo using spectral domain optical coherence tomography (SD-OCT). Representative images from WT, rd10-non, and rd10+PTZ mice are shown in Fig.  2 A-D. Retinal measurements acquired using Divers software showed that at P21 the total retinal thickness (TRT) was 226.5 ± 10.7 μm in WT mice and was 193.4 ± 14.6 μm in rd10-non mice. The TRT in rd10+PTZ mice was 209.8 ± 15.9 μm, significantly greater than in rd10-non mice (Fig. 2E ). Even at P42, the TRT of rd10+PTZ mice was significantly greater than that of rd10-non mice (Fig. 2F) . In rd10 mice PRCs die, and the thickness of the retinal outer nuclear layer (ONL) decreases rapidly over several weeks. At P21, the thickness of the ONL in WT mice was ∼70 μm; in rd10+PTZ mice it was ∼55 μm, significantly greater than in rd10-non mice (∼45 μm) (Fig. 2G) . Even in advanced PRC degeneration (at P42), rd10+PTZ mice showed preservation of ONL thickness (∼7 μm) significantly greater than in rd10-non mice (4 μm) (Fig. 2H) . Retinal detachment figured prominently in rd10-non mice (red arrow in Fig. 2D , Center) but was attenuated in rd10+PTZ mice (27.5 ± 9.8 μm vs. 17.5 ± 5.6 μm, respectively).
Sig1R Activation Preserves PRC Nuclei in rd10 Mice. In retinal histologic sections the WT retina at P42 is well-organized with ∼10-12 rows in the ONL; inner/outer segments are uniform, and outer segments are in close proximity to the retinal pigment epithelium (RPE) ( Fig. 3 A and B) . The inner retinal thickness in rd10-non mice is similar to that in WT mice (Fig. 3C ), but the ONL is reduced to a few PRC nuclei (Fig. 3D ). Inner/outer segments are not discernible in rd10 retinas at P42; retinal detachment is considerable (Fig. 3C, arrows) ; and inner segments are severely truncated (Fig. 3D, arrows) . Retinal detachment was much less prevalent in rd10+PTZ mice (Fig. 3E ) than in rd10-non mice (Fig. 3C) . The inner portion of the rd10+PTZ retina was similar in thickness to WT retina (and to rd10-non retina) (Fig. 3F) , and rd10-PTZ retinas retained two ONL rows (Fig. 3F , arrow). Retinal morphometric analysis showed significant cellular preservation in rd10+PTZ mice as compared with rd10-non mice. The thickness of the TRT and outer plexiform layer (OPL) . Data are the mean ± SEM of four assays using eyes from six to nine mice; *, significantly different from the WT and rd10+PTZ groups; #, significantly different from WT and rd10-non mice, P < 0.005. (E) Averaged responses to photopic flash of contrast = 1 (replotted after superimposition). (F) Averaged kernels derived from responses to natural noise stimuli. Green, WT mice; blue, rd10-non mice; red, rd10+PTZ mice. Numbers of mice tested are provided in Table S1 .
was greater (Fig. 3 G and H), there were more rows of nuclei within the ONL (Fig. 3I) , and the inner segment length was greater ( Fig. 3J ) in rd10+PTZ mice than in rd10-non mice. Following PRC degeneration in rd10 mice, postsynaptic inner nuclear layer (INL) deterioration (rod bipolar and horizontal cell death) ensues (40) (41) (42) . We asked whether (+)-PTZ treatment attenuated INL cell death in rd10 mice by evaluating TUNEL + cells along the horizontal retinal meridian because the degeneration follows a central-peripheral gradient (40) . Data for WT, rd10-non, rd10+PTZ retinas are shown in Fig. S2 . WT retinas had few TUNEL + cells (Fig. S2A ). Numerous TUNEL + cells were detected in central, midperipheral, and peripheral regions of the INL of rd10-non mice (Fig. S2B) ; whereas rd10+PTZ mice had significantly fewer TUNEL + inner retinal cells than rd10-non mice (Fig. S2C ). Data quantification suggests that (+)-PTZ treatment attenuates secondary INL cell death in this degenerative process (Fig. S2D ).
Sig1R Activation Attenuates Cone PRC Death in rd10 Mice. Given the robust photopic response observed in rd10+PTZ mice (Fig. 1) , we predicted greater cone labeling in rd10+PTZ retinas than in rd10-non retinas. Immunolabeling of retinal cryosections with anti-cone arrestin antibody supported that prediction and was robust in rd10+PTZ retinas as compared with rd10-non retinas (Fig. 4 A-C) . Quantification of fluorescent intensity shows significantly greater cone-arrestin levels in rd10+PTZ retinas than in rd10-non retinas (Fig. 4D) . We confirmed these data in retinal cryosections and flatmount preparations using FITC-conjugated peanut agglutinin (PNA), which selectively binds cone inner/ outer segments. PNA labeling was uniform in WT retinas (Fig. 4 E and F) but was reduced significantly in sections of rd10-non retinas (Fig. 4 G and H) . Cryosections of rd10+PTZ retinas showed labeling of cones in close proximity to cell soma ( Fig. 4 I and J). Immunofluorescence quantification showed that PNA labeling was markedly decreased in rd10-non retinas compared with WT retinas but increased significantly in rd10+PTZ retinas Representative SD-OCT data obtained from WT mice, rd10-non mice, and rd10+PTZ mice at P21 (A), P28 (B), P35 (C), and P42 (D). The arrow in D indicates marked retinal detachment. (E-H) Data from segmentation analysis for total retinal thickness at P21 (E) and P42 (F) and for ONL thickness at P21 (G) and P42 (H). ***P < 0.001. Data are the mean ± SEM of analyses in 4-10 mice per group at each age (Table S1 ). , and rd10+PTZ (E and F) mice. Note retinal detachment (arrows in C) and paucity of PRC in the ONL in rd10-non mice (arrows in D). In F two rows of PRC nuclei remain in the ONL of rd10+PTZ mice (large arrow). (G-J) Morphometric analyses of total retinal thickness (G), OPL thickness (H), ONL thickness, number of ONL rows (I), and inner segment thickness (J). gcl, ganglion cell layer; ipl, inner plexiform layer; inl, inner nuclear layer; opl, outer plexiform layer; onl, outer nuclear layer; is, inner segment; os, outer segment; rpe, retinal pigment epithelium. Data are the mean ± SEM of measurements from six to nine mice per group (Table S1 ); *P < 0.05; **P < 0.01; ***P < 0.001. (Scale bar: 50 μm.) Numbers of mice used in the analysis are provided in Table S1 .
compared with rd10-non retinas (Fig. 4K ). Immunofluorescence detection of PNA in retinal flatmounts showed intense labeling of WT cone inner segments and soma (Fig. 4L ). PNA labeling diminished in flatmounts of rd10-non retinas ( Fig. 4M ) but was robust in rd10+PTZ retinal flatmounts, frequently surrounding cell soma (Fig. 4N ). Quantification indicated significantly more PNA + cells in rd10+PTZ retinas than in rd10-non retinas (Fig.  4O ). These data showing cone cell preservation in rd10+PTZ mice are consistent with the preservation of cone function observed in photopic electrophysiological studies (Fig. 1 D-F) .
Anti-rhodopsin was abundant in the outer segments of WT retinas (Fig. S3A ) but diminished markedly in rd10-non retinas, localizing only to rudimentary inner segments (Fig. S3B ). There was slightly more rhodopsin labeling in rd10+PTZ retinas than in rd10-non retinas (Fig. S3C) . Quantification of fluorescence showed higher rhodopsin levels in rd10+PTZ retinas than in rd10-non retinas (Fig. S3D) , suggesting that rods comprise a small subset of the ONL cells remaining in rd10+PTZ retinas.
Sig1R Is Required for Cone Preservation in rd10 Mice Treated with (+)-PTZ. To determine whether the neuroprotective effects observed with (+)-PTZ treatment in rd10 mice were caused by Sig1R activation, we generated rd10 mice lacking Sig1R (rd10/ Sig1R −/− ), treated them with/without (+)-PTZ, and subjected them to ERG, SD-OCT, morphometric analysis, and PNA immunodetection. ERG analysis showed robust photopic responses in WT mice (Fig. 5A ) but minimal responses in rd10/ Sig1R −/− mice regardless of (+)-PTZ treatment ( Fig. 5 B and C) . The amplitude of a-wave and b-wave photopic responses did not differ in rd10/Sig1R −/− mice, (+)-PTZ-injected (rd10/Sig1R Fig. 5 D and E) ; amplitudes were reduced markedly compared with those in WT mice. Retinal structure was visualized in vivo using SD-OCT at P21 and P42 (Fig. 5 F-I ). Segmentation analysis of whole-retinal or ONL thickness showed no significant difference between the two rd10/Sig1R −/− groups at P21 or P42 (Fig. 5 J-M) . Eyes were processed for microscopy, and retinas were analyzed morphometrically at P42. The retinas of both rd10/Sig1R −/− mice are not afforded PRC neuroprotection when treated with (+)-PTZ, strongly supporting the notion that (+)-PTZ acts through Sig1R to mediate neuroprotection in rd10 mice.
Sig1R Activation Attenuates Retinal Müller Cell Gliosis and Microglia
Activation in rd10 Mice. In response to pathologic stimuli in retina, Müller radial glial cells become activated (43) . This reactive gliosis is considered a cellular attempt to protect tissue from further damage and to promote tissue repair. Reactive gliosis is characterized by increased levels of GFAP, a very sensitive early indicator of retinal stress, in Müller cells (43) . WT retinas demonstrated low levels of GFAP with labeling restricted mainly to the nerve fiber layer, typical of astrocyte labeling (Fig. 6A) . Radial GFAP labeling was intense in rd10-non retinas (Fig. 6B ) but was reduced in rd10+PTZ retinas (Fig. 6C) . Quantitation of intensity showed significantly reduced GFAP levels in rd10+PTZ retinas as compared with rd10-non retinas (Fig. 6D) .
Microglial cells are resident retinal immune cells, and microglial reactivity is a hallmark of retinal degenerative and inflammatory diseases, including RP (44) . When activated, microglia secrete cytotoxic ROS and nitrogen species, which have deleterious effects on neurons. We prepared whole-retinal flatmounts for immunofluorescence to detect Iba-1, which is up-regulated in activated microglial cells (44) . Iba-1 labeling was minimal in WT retinas (Fig. 6E ) but was abundant in rd10-non retinas; the cells in the central and peripheral retina had an amoeboid shape with retracted processes and rounded cell bodies (Fig. 6F) . In contrast rd10+PTZ retinas showed less microglia activation. The central Table S1 ). *P < 0.05, ***P < 0.001. (Scale bars: 500 μm in A; 20 μm in B and C; 50 μm in E-N.) Nuclei are labeled with DAPI (blue). Numbers of mice used in the analysis are provided in Table S1 . Details about antibodies are provided in Table S2 . Table S1 .
rd10+PTZ retina had fewer activated microglia (Fig. 6G ). More striking was the rd10+PTZ peripheral retina, which showed fewer amoeboid microglia and less microglia infiltration (Fig. 6H ) than seen in rd10-non retinas. Quantification of fluorescence intensity showed significant reduction of Iba-1 labeling in the central and peripheral retina of rd10+PTZ retinas (Fig. 6I ).
Sig1R Activation Attenuates Oxidative Stress in Retinas of rd10 Mice.
Oxidative damage is implicated in PRC death in animal models of RP, including rd10 mice (45, 46) . Administration of (+)-PTZ is protective against ROS accumulation in several retinal cell types (16, 23, (32) (33) (34) . We investigated whether (+)-PTZ could attenuate oxidative stress in vivo. We quantified retinal lipid oxidation by measuring the level of malondialdehyde (MDA), a byproduct of lipid peroxidation which forms a 1:2 adduct with thiobarbituric acid (TBA), using a commercially available kit. At P42, a baseline level of lipid oxidation was observed in WT retinas; MDA levels were nearly doubled in rd10-non retinas as compared with WT retinas but were significantly lower in rd10-PTZ retinas than in rd10-non retinas (Fig. 7A ). Retinal protein oxidation was determined by measuring the carbonyl content of proteins using 2,4 dinitrophenylhydrazine (DNPH). At P42, protein carbonylation was reduced significantly in rd10+PTZ retinas as compared with rd10-non retinas and did not differ significantly from WT retinas (Fig. 7B) . The data suggest that retinal lipids and proteins undergo oxidative stress in the rd10 retina and that regular administration of (+)-PTZ attenuates lipid and protein oxidative stress. We investigated further whether (+)-PTZ-mediated effects were associated with decreased oxidation in the retina by subjecting retinal cryosections from WT, rd10-non, and rd10+PTZ mice to hydroethidine, a dye that emits red fluorescence when it reacts with superoxide radicals. Minimal red fluorescence was observed in WT retinas, but strong red fluorescence was detected in the INL of rd10-non retinas. This result is consistent with earlier reports (39, 45) . In the retinas of rd10+PTZ mice the level of red fluorescence was reduced markedly from that in the retinas of rd10-non mice (Fig. 7C) . Because oxidative stress can increase NRF2 levels, with subsequent up-regulation of antioxidant genes (37), we compared NRF2 levels in WT, rd10-non, and rd10+PTZ retinas. NRF2 protein levels were significantly higher in rd10-non retinas than in WT retinas but were lower in rd10+PTZ retinas than in rd10-non retinas (Fig. 7 D and E) . The expression of genes encoding the antioxidant proteins superoxide dismutase 1 (Sod1), catalase (Cat), heme oxygenase 1 (Hmox1), and glutathione peroxidase 1 (Gpx1) was increased in the retinas of rd10 mice, consistent with earlier reports (46) . Treatment of the rd10 mice with (+)-PTZ attenuated the increased expression of these antioxidant genes (Fig. 7F ). Our findings that oxidative stress is a prominent feature of the rd10 retina are consistent with observations from other laboratories (45, 46) , and our data support a role for Sig1R activation in reducing oxidative stress in vivo. Our findings shown in Figs. 6 and 7 suggest that regular administration of (+)-PTZ attenuates reactive gliosis, decreases microglial activation, and decreases oxidative stress in the rd10 retina.
Discussion
This study examined whether Sig1R activation would afford protection in a model of severe retinal degeneration, the rd10 mouse, which loses rods and then cones over a 35-d period (40, 41) . In human RP patients, rod loss compromises vision in dim light, but it is the later loss of cones that is most debilitating. Cones mediate best vision, and if strategies can be developed that preserve cone function, even when rods are lost, the therapeutic impact on this devastating disease would be enormous. Our findings offer compelling functional and structural evidence that activation of Sig1R may hold promise as a therapeutic strategy for cone preservation. The functional data show that cone responses in mutant retinas were rescued with regular (+)-PTZ administration. In rd10+PTZ mice the photopic b-wave amplitude showed marked improvement from a flat ERG to approximately half the WT amplitude. When natural noise stimuli were presented in ERG testing, cone function improved markedly in rd10+PTZ vs. rd10-non mice and in rd10+PTZ mice was very similar to levels in WT mice. Frequently intervention studies using rd10 mice compare data for treated animals and nontreated mutants but less often include data for WT mice. In our scenario, cone responses of (Table S1 ). **P < 0.01; ***P < 0.001. (Scale bar: 50 μm.) Details about antibodies are provided in Table S2 .
treated animals are compared not only with those of untreated mutants but also with those of WT mice. There is striking preservation of function with (+)-PZT treatment. SD-OCT showed slight improvement in overall retinal thickness in situ in rd10+PTZ mice as compared with rd10-non mice, and these observations were borne out by histological investigation. Functional analyses were complemented by the evaluation of retinal sections, and morphometric analyses revealed the preservation of approximately two or three rows of PRC in rd10+PTZ mice by P42. Immunolabeling studies indicated that most cells were cones. To our knowledge, our study is the first investigation of Sig1R as a protective agent in a model of inherited PRC degeneration. Recently, Hara's group (47) investigated whether Sig1R activation could protect against PRC loss in a model of intensive light-induced damage by administering the Sig1R ligand cutamesine intravitreally 1 h before light damage. They reported improved retinal function and architecture in this experimental paradigm.
To determine whether (+)-PTZ was neuroprotective through activation of Sig1R, we established a colony of rd10/Sig1R −/− mice and injected one group with (+)-PTZ. We performed ERG, SD-OCT, morphometric analysis, and immunolabeling of cones. We did not observe cone preservation in any assessments; we conclude that (+)-PTZ-mediated retinal neuroprotection requires Sig1R. These findings are consistent with reports that NMDA-induced RGC death was attenuated in WT mice administered (+)-PTZ but not in mice lacking Sig1R (48) .
A question raised by our study is whether (+)-PTZ can prevent or simply delay PRC death. We administered (+)-PTZ from P14 through P42; during this time frame rd10 mice lose nearly all PRCs. The exciting findings we observed with (+)-PTZ suggest preservation of cone cells, but we do not know whether cone function/ viability would continue if (+)-PTZ were administered for many months (or at a higher dosage). Our findings lay the foundation for long-term investigations to address the critical issue of the sustainability of rescue.
In retina, Sig1R mRNA and protein are expressed in RGC, PRC, RPE, and Müller cells (49-51). We do not know which retinal cell type-the degenerating neuron or supportive cells such as Müller cells-is targeted using (+)-PTZ. Earlier in vitro studies demonstrated attenuation of oxidative stress-induced death of isolated RGCs when pretreated with (+)-PTZ, suggesting that the ligand has a direct protective effect on neurons (29) . However, (+)-PTZ treatment also can attenuate cytokine release (16) and oxidative stress (31) in isolated Müller cells. Determining which retinal cell type is actually targeted by Sig1R ligands in an in vivo model of retinopathy warrants comprehensive investigation that may involve eliminating Sig1R in specific retinal cell types.
In response to retinal degenerative disease, Müller glial cells undergo reactive gliosis, a cellular strategy thought to protect tissue and promote repair (43) . GFAP, an indicator of retinal stress, increased markedly in radially oriented Müller cells in rd10-non retinas. Activation of Sig1R decreased GFAP levels significantly in retinas from rd10+PTZ mice. Microglial cells also become activated under retinal stress, and levels of the microglial marker Iba-1 were much greater in rd10 retinas than in WT retinas but were decreased from rd10-non levels in rd10+PTZ retinas. These findings strongly suggest that Sig1R activation attenuates reactive gliosis and microglial activation.
Oxidative stress, implicated in retinal degeneration, is linked causally with cone death in RP (4, 36, 45) . We observed increased oxidized lipids and proteins in rd10 retinas, which diminished significantly in retinas from rd10+PTZ mice. (+)-PTZ treatment of rd10 mice was associated with decreased superoxide levels in retinal histologic sections. At P42, the rd10 retina demonstrated elevated levels of NRF2 and increased expression of several antioxidant genes, which were attenuated by (+)-PTZ treatment. The increased expression of antioxidant genes in rd10 mice as degeneration progresses has been reported earlier (46) and was interpreted as a response to stress. The stress is likely associated with the death of cells in the INL secondary to the devastating PRC death in the ONL (40) (41) (42) . INL death was confirmed by TUNEL assay (Fig. S2) . Increased NRF2 protein levels, as a consequence of oxidative stress, have been reported in vitro. Zhang's laboratory (52) showed that NRF2 levels increased in ARPE-19 cells exposed to cigarette smoke extract; levels were attenuated by treatment with N-acetylcysteine, an antioxidant. Understanding whether Sigma1R has a role in modulating antioxidant gene expression and NRF2 levels could be addressed in future studies by crossing Nrf2 −/− mice with rd10 mice in the Table S3 . Data are the mean ± SEM of three or four assays. *P < 0.05; **P < 0.01; ***P < 0.001.
presence/absence of (+)-PTZ treatment. Given the pleiotropic nature of Sig1R ligands (8) , it is possible that (+)-PTZ could use several mechanisms to afford protection, but this possibility awaits comprehensive investigation. The paucity of effective treatments for blinding retinal diseases, coupled with information about new therapeutic targets, has prompted intense investigation of innovative strategies to combat debilitating retinopathies. The rd10 mouse has proven quite informative in this regard (39, 46, (53) (54) (55) (56) . Our findings that the activation of Sig1R has powerful neuroprotective effects in this murine model are extremely encouraging. The robust rescue of cone function in rd10 mice treated with (+)-PTZ appears to be attributable (at least in part) to attenuated Müller cell gliosis, reduced microglial activation, and decreased oxidative stress. Sig1R, whose activation also has been reported to attenuate excitotoxicity (13, 18) , calcium dysregulation (12, 17, 26) , ER stress (12, 23, 32) , and inflammation (15, 16, 35) , constitutes a promising target for pharmacologically treating retinal disease.
Material and Methods
Animals and Administration of (+)-PTZ. Three groups of mice were used: WT, rd10-non, and rd10+PTZ mice. rd10+PTZ mice received an i.p. injection of (+)-PTZ (0.5 mg/kg) (Sigma-Aldrich) on alternate days beginning at P14. The dosage was based on studies showing efficacy in attenuating RGC death in diabetic mice (21) and is consistent with safe dosages in humans (57) . Additionally, rd10/Sig1R −/− were generated and administered (+)-PTZ. (Table S1 ). Animals were maintained according to the Association for Research in Vision and Ophthalmology statement for the Use of Animals in Ophthalmic and Vision Research. Breeding pairs of homozygous rd10 (B6.CXBI-Pde6βrd10/J) and C57BL/6J (WT) mice were from the Jackson Laboratory. The rd10 mutation in exon 13 of Pde6β was identified by PCR using primers to amplify genomic DNA to confirm the mutation: Pde6b13F 5′-CTTTCTATT CTCTGTCAG-CAAAGC-3′; Pde6b13R 5′-CATGAGTAGGGTAAACATGGT-CTG-3′. Amplification was followed by CfoI enzyme digestion (58) . Additionally, Pde6βrd10/J mice were bred with Sig1R −/− mice (59) to produce Pde6βrd10 +/− /Sig1R +/− mice, which were crossed to generate Pde6βrd10/Sig1R −/− mice. Absence of Sig1R was confirmed by genotyping (27) . Two mouse groups were used: Rd10/ Sig1R −/− mice receiving no treatment (rd10/Sig1R −/− -non) and Rd10/Sig1R −/− mice administered (+)-PTZ (rd10/Sig1R
−/− +PTZ). The (+)-PTZ injection regimen for Rd10/Sig1R −/− mice was identical to that for rd10 mice.
Evaluation of Retinal Phenotype Using ERGs, SD-OCT, Morphometry, and Immunohistochemistry.
ERGs. ERGs were obtained from dark-adapted mice anesthetized with isoflurane. Dark-adapted ERGs were performed using silvercoated nylon fibers joined to flexible wires placed on the cornea; a drop of hypromellose coated the eye, providing improved electrical contact. Optic fibers (1-mm diameter) were positioned in front of pupils. A 5,500°white LED provided highly controllable illumination delivered to eyes through optic fibers. Experiments consisted of a series of tests with 5-ms flashes of increasing luminance, followed by photopic testing with 5-ms flashes above a pedestal, and photopic stimuli that included a "natural" noise stimulus, which was a slowly varying luminance time series with amplitude inversely proportional to temporal frequency. Kernels were computed from responses to natural noise stimuli. SD-OCT. SD-OCT was performed in anesthetized mice following our previously described procedure (60, 61) . Retinal structure was assessed in vivo using the Bioptigen Spectral Domain Ophthalmic Imaging System (SDOIS; Bioptigen Envisu R2200). Imaging included averaged single B scan and volume intensity scans with images centered on the optic nerve head. Postimaging analysis included autosegmentation report analysis and manual assessment of retinal layers using InVivoVue Diver 2.4 software (Bioptigen). Autosegmentation provides average retinal layer thickness. SD-OCT data from rd10 mice at P21 could be processed using autosegmentation report analysis, but OCT data from rd10 mice older than P21 required manual segmentation analysis. We measured TRT, the thickness of the nerve fiber layer, inner plexiform layer (IPL), INL, OPL, ONL, inner/outer segments, and RPE. Each layer thickness was plotted separately; data for a given retinal layer in each group were averaged. Using manual segmentation software, we measured the distance between outer segments and RPE at 25 points to assess the extent of retinal detachment. Histologic processing of tissue and microscopic analysis. Mice were killed at P42, and enucleated eyes were prepared for cryosectioning or embedding in JB-4 methacrylate (Electron Microscopy Sciences). For cryosections, eyes were flash-frozen in liquid nitrogen and embedded in optimal cutting temperature (O.C.T.) compound (Sakura Finetek). Cryosections (10-μm thick) were fixed for 10 min in 4% (vol/vol) paraformaldehyde and were blocked with 10% goat serum in 0.1% Triton-X100/PBS for 1 h at room temperature. For plastic embedding, eyes were immersion-fixed in 2% paraformaldehyde/2% glutaraldehyde in 0.1 M cacodylate buffer and were processed for JB-4 embedding. Sections were stained with H&E. Retinal images were captured using an Axioplan-2 microscope equipped with a high-resolution camera and were processed using Zeiss Axiovision software (version 4.7) (60). To prepare retinal flatmounts, eyes were enucleated, fixed in 4% paraformaldehyde, and washed with PBS. The neural retina was dissected, incubated with 0.3% Triton-X in PBS, and blocked with 10% goat serum. Retinas were incubated with antibodies and were partially cut with sharp scissors to create petals allowing the retina to be flattened and placed upon microscope slides, which were processed for immunohistochemistry and coverslipped.
Microscopic evaluation, morphometric analysis, and immunofluorescence studies. Plastic-embedded retinal sections scanned for gross disruption were evaluated morphometrically. TRT, the thickness of the INL, ONL, IPL, and OPL, the length of inner/outer segments, and the number of rows of ONL cells were determined in six images captured temporal/nasal to the optic nerve, yielding data for central, midperipheral, and peripheral retina. Retinal cryosections were incubated with primary antibodies (anti-rhodopsin, cone-arrestin, GFAP) or FITC-conjugated PNA followed by incubation with secondary antibodies (Table S2) . Flatmounted retinas were incubated with FITC-PNA or anti-Iba1. Retinas were examined using a Zeiss LSM 780 upright laser scanning confocal microscope equipped with ZEN lite software. Retinal areas (measuring 0.12 mm 2 ) located 0.5 mm superior, inferior, temporal, and nasal with respect to the optic nerve head were photographed; positive cells were quantified using ImageJ 1.48v software (NIH). Cell death was evaluated in retinal cryosections using the ApopTag Fluorescein Direct in Situ Apoptosis Detection Kit (Millipore). Sections were counterstained with DAPI and viewed by epifluorescence. At least five retinal sections were analyzed per mouse; six images (three temporal and three nasal) were captured per retina. TUNEL + cells were counted by masked observers. Data were expressed as the number of TUNEL + cells per square millimeter of retinal area. Oxidative stress was detected in retinal cryosections using hydroethidine (dihydroethidium, a superoxide indicator) (D11347; Molecular Probes/Thermo Scientific) following the manufacturer's protocol. The abbreviations used in histologic sections are given in the legend of Fig. 3 .
Evaluation of Oxidative Stress.
Detection of oxidative stress in lipids and proteins. Lipid peroxidation was assayed per the manufacturer's instructions using the TBA reactive (TBAR) assay kit (Cayman Chemicals), which measures levels of MDA, a byproduct of lipid peroxidation. Absorbance was measured at 532 nm, and the TBA level was determined by a calibration curve generated from MDA. Protein oxidation was determined in retinal homogenates using the Protein Carbonyl ELISA kit (Cell Biolabs) according to the manufacturer's instructions. Lysates of two retinas per assay were added to the 96-well protein-binding plate provided with the kit. DNPH working solution was added to samples and incubated with anti-dinitrophenyl antibody followed by HRP-conjugated secondary antibody. Absorbance at 450 nm was assayed using a VersaMax microplate reader (Molecular Devices). Protein carbonylation was calculated based on the bovine standard albumin standard provided with the kit.
Proteins were visualized using the SuperSignal West Pico Chemiluminescent Substrate detection system (Pierce Biotechnology). Band densities were quantified using ImageJ 1.48v software.
Statistical Analysis. Statistical analysis used the GraphPad Prism analytical program or, for the ERG results, Igor Pro. Significance was established as P < 0.05. Data were analyzed by one-way ANOVA for studies comparing one parameter among the three mouse groups or by two-way ANOVA (factors: mouse group and retinal region measured; mouse group and gene expression). We followed the recommendations for appropriate post hoc testing, which included Holm-Bonferroni, Tukey's, and Newman-Keuls multiple comparison tests. (Table S1 ); *, significant difference between rd10+PTZ and rd10-non mice (P < 0.05). (Table S1 ); *P < 0.05, ***P < 0.001. (Table S1 ); **P < 0.01; ***P < 0.001. 
